Seagrass meadows are important marine carbon sinks, yet they are threatened and declining worldwide. Seagrass management and conservation requires adequate understanding of the physical and biological factors determining carbon content in seagrass sediments. Here, we identified key factors that influence carbon content in seagrass meadows across several environmental gradients in Moreton Bay, SE Queensland. Sampling was conducted in two regions: (1) Canopy Complexity, 98 sites on the Eastern Banks, where seagrass canopy structure and species composition varied while turbidity was consistently low; and (2) Turbidity Gradient, 11 locations across the entire bay, where turbidity varied among sampling locations. Sediment organic carbon content and seagrass structural complexity (shoot density, leaf area, and species specific characteristics) were measured from shallow sediment and seagrass biomass cores at each location, respectively. Environmental data were obtained from empirical measurements (water quality) and models (wave height). The key factors influencing carbon content in seagrass sediments were seagrass structural complexity, turbidity, water depth, and wave height. In the Canopy Complexity region, carbon content was higher for shallower sites and those with higher seagrass structural complexity. When turbidity varied along the Turbidity Gradient, carbon content was higher at sites with high turbidity. In both regions carbon content was consistently higher in sheltered areas with lower wave height. Seagrass canopy structure, water depth, turbidity, and hydrodynamic setting of seagrass meadows should therefore be considered in conservation and management strategies that aim to maximize sediment carbon content.
Seagrasses are found in almost all shallow coastal areas worldwide (Hemminga and Duarte 2000) and are an important marine carbon sink (Nellemann et al. 2009; Fourqurean et al. 2012) . Seagrass meadows are thought to have the highest accumulation rates of carbon in the oceans at 48-112 teragrams (Tg) C yr
21
, which is associated with seagrass meadows representing a much larger global area compared to other blue carbon habitats (Mcleod et al. 2011) . Although seagrass meadows only constitute 0.1% of the ocean surface, they are considered to be one of the largest carbon sinks worldwide (Duarte et al. , 2013 Mcleod et al. 2011 ). Yet seagrass meadows are degrading rapidly (Orth et al. 2006; Waycott et al. 2009 ) with a 50% loss of seagrass habitat since the 1990s and 7% rate of global loss per annum (Waycott et al. 2009; Mcleod et al. 2011) .
Unlike mangrove and terrestrial forests, the living biomass in seagrass systems makes only a minor contribution to carbon storage (Fourqurean et al. 2012 ). This veneer of living seagrass protects the much larger store of carbon in seagrass sediments, where it can accumulate over millennia . Deterioration of seagrass meadows not only decreases their function as a global carbon sink (Nellemann et al. 2009; Sifleet et al. 2011 ) but also results in the exposure of their sedimentary carbon stocks to potential loss from erosion (Fonseca and Fisher 1986; Bos et al. 2007; Pendleton et al. 2012; Marb a et al. 2015) .
In terrestrial soils, carbon content is influenced primarily by intrinsic abiotic factors such as topography, mineralogy, and texture (Amundson 2001; De Deyn et al. 2008; Jonsson and Wardle 2009 ). However, carbon content is also defined by the balance between the input of carbon from photosynthetic allocation to root growth, root symbionts, litter fall and lateral translocation, and carbon output through respiration, decomposition, fires, and lateral translocation (Amundson 2001; De Deyn et al. 2008; Jonsson and Wardle 2009) . In saltmarshes and mangrove forests high levels of carbon stocks have been linked to factors associated with their hydro-geomorphic setting (Donato et al. 2011; Breithaupt et al. 2012; Saintilan et al. 2013) . In seagrass systems, the main physical and biological factors determining carbon storage are yet to be identified (Lavery et al. 2013) .
Multiple processes have been linked to carbon storage in seagrass sediments. Seagrasses capture CO 2 through photosynthesis and store carbon as organic tissues (biomass). The main approach for determining if seagrass systems can serve as a carbon sink (net autotrophy) is the ratio between photosynthesis (P) and respiration (R) rates ). Biomass and P : R can vary according to species composition and environmental conditions (Duarte 1991; Abal and Dennison 1996; Udy and Dennison 1997; Duarte and Chiscano 1999) . From the P : R approach it has been evident that there is high variability in the capacity of seagrass meadows to serve as carbon sinks over latitude and biogeographical regions ). However, additional considerations are needed to evaluate the ability of seagrasses to capture and store different sources of carbon, including terrestrial carbon delivered to coastal waters. Such deposition of allochthonous material within seagrass sediments has been shown to account for 50-72% of seagrass sediment carbon pools (Gacia et al. 2002; Kennedy et al. 2010) . Autochthonous carbon can be stored in the system, consumed by multiple grazers, decomposed by microbial activity or be lost from the system as unconsumed detritus Gacia et al. 2002; Valentine and Duffy 2006; Kennedy et al. 2010; Duarte et al. 2013) . Seagrass biomass therefore stores carbon both directly in the living tissues and indirectly by promoting the trapping of materials and avoidance of the erosion of external and internal carbon pools. The structural complexity of the seagrass canopy is a function of shoot density, leaf area, and species specific characteristics, hereafter collectively termed "seagrass structural complexity." A decrease in seagrass structural complexity should lead to higher water flow velocity and diminished settlement or greater erosion of particulate organic carbon. There have been numerous reports quantifying carbon content in seagrass sediments at regional and worldwide levels, although the scarcity of data has precluded investigation of the local drivers of carbon storage (Sifleet et al. 2011; Fourqurean et al. 2012; Lavery et al. 2013) . No studies have determined the effect of physical and biological variables on carbon content in seagrass sediments at high replication and relatively fine spatial scale (e.g., scale of hundreds of meters to kilometres).
This study aimed to identify key factors influencing organic carbon content in seagrass sediments and hypothesized that seagrass structural complexity and turbidity would both be important. Specifically, it was hypothesized that: (1) sediment carbon content would be higher in areas of high water quality due to high levels of seagrass structural complexity (i.e., high input of autochthonous carbon); (2) low sediment carbon content was expected where seagrasses have been diminished due to low water quality; (3) high sediment carbon content was anticipated in areas of high turbidity due to high levels of allochthonous carbon; and (4) given the importance of both autochthonous and allochthonous carbon inputs to seagrass meadows it was hypothesised that the highest carbon content would occur at mid ranges of both seagrass structural complexity and turbidity.
Methods

Study site
The study was conducted at Moreton Bay, SE Queensland, Australia (278S, 1538E; Fig. 1 ). Moreton Bay is a subtropical shallow coastal bay with extensive seagrass meadows. Mean depth is 12 m (max. 30 m), with a 1.7 m semi-diurnal tidal range (Tibbetts et al. 1998) . The bay receives riverine input from five different catchments covering a total area of 21,220 km 2 (Dennison and Abal 1999) . The Brisbane river is the largest catchment (13,100 km 2 ) and passes through the city of Brisbane (Dennison and Abal 1999) . Net circulation follows a clockwise pattern with limited flushing, leading to longer water residence times in the western side of the bay (Dennison and Abal 1999) . The combination of riverine input and overall circulation pattern leads to a strong gradient in turbidity across the bay. Overall there is lower water quality, higher nutrients and turbidity, on the western side of the bay and higher water quality on the eastern and northern parts (Dennison and Abal 1999) .
Seagrasses have been estimated to contribute 36,000 tonnes carbon yr 21 to the carbon budget in Moreton Bay (Abal and Dennison 1996; Abal et al. 1998; Dennison and Abal 1999; Eyre and Mckee 2002) , from an estimated total of 501,000 tonnes of carbon from marine primary producers (Eyre and Mckee 2002) . Seven seagrass species have been reported in this region, with Zostera muelleri being the most abundant. Halophila ovalis and Halodule uninervis are abundant in areas of high dugong grazing (eastern and northern bay), Halophila decipiens and Halophila spinulosa are found at deeper sites, and Syringodium isoetifolium and Cymodocea serrulata are found in areas of limited megaherbivore grazing, mostly at Wanga Wallen banks in the south-eastern region of the Eastern Banks (Preen 1992; Abal et al. 1998) . Seagrasses occur over a wide range of turbidity and with varying
Samper-Villarreal et al. Drivers of seagrass carbon structural complexities both due to variations in cover and in species composition. There are lush meadows in the Eastern Banks (low turbidity), persistent patchy meadows in the south western side of the bay and North Deception Bay (mid turbidity), and reported loss of seagrasses attributed to increased turbidity at South Deception Bay, Bramble Bay, and the southwest region of the bay at the mouth of the Logan river (Abal et al. 1998; Dennison and Abal 1999; Roelfsema et al. 2009 Roelfsema et al. , 2013 ; with seagrasses at South Deception Bay recently starting to recover (Maxwell et al. 2015) .
Sampling design
To study the influence of multiple biological and environmental variables on carbon content in seagrass sediments samples were collected from two regions: (1) 98 sites on the Eastern Banks, where turbidity is relatively low and spatially consistent, hereafter referred to as "Canopy Complexity" (Fig.  1) ; and (2) 11 locations in an area where turbidity varies across a spatial gradient, hereafter referred to as the "Turbidity Gradient" (Fig. 1) . Seagrass and sediment samples were collected in pairs: one core for the assessment of biomass and one adjacent core to assess sediment characteristics. One seagrass and one sediment core were collected at each of the 98 Canopy Complexity sites. For the Turbidity Gradient, one seagrass biomass core and one sediment core were collected at each of six random sites within a 50 3 50 m plot which was haphazardly defined at each location.
These two different designs allowed studying organic carbon content in seagrass sediments at: 1) varying seagrass structural complexities and depths yet constant water quality (Canopy Complexity design); and 2) at varying water quality yet constant depth and similar species composition (Turbidity Gradient design). The Canopy Complexity area represented by the Eastern Banks, has lush seagrass meadows and the highest diversity of species relative to the remaining areas in Moreton Bay. Depth at high tide at Canopy Complexity sites ranged from 0.8 to 3.7 m. Canopy Complexity sites included seagrass communities with varying assemblages and structural complexities and were selected to represent heterogeneity of seagrass composition from remotely sensed data (Roelfsema et al. 2014b ; Fig. 1 ). Locations in the intertidal Turbidity Gradient were selected to be representative of the spatial variability in water quality within the bay (Dennison and Abal 1999) . This sampling scheme included unvegetated sites within the area of modeled potential seagrass habitat based on benthic light availability and wave height , which have been reported to have seagrasses in the past (Dennison and Abal 1999) . Seagrass meadows in the Turbidity Gradient were consistently dominated by only two species: Z. muelleri and H. ovalis. Sampling at the Turbidity Gradient and Canopy Complexity sites was conducted in June-July 2012.
Seagrass structural complexity
Cores to assess seagrass biomass (15 cm diameter 3 20 cm depth) were collected, one core at each of 98 sites at Canopy Complexity and six cores within each of 11 locations in the Turbidity Gradient. Each biomass core was gently rinsed free of sediment using a 1 mm mesh bag to retain seagrass material. Biomass samples were kept on ice in the field, then stored frozen (2208C) until further processing. The number of shoots per species in each core was quantified. Biomass material from each core was separated per species into above ground (leaves and leaf stems) and below ground (roots, rhizomes, and leaf sheaths) material. Prior to drying, leaves were submerged in 10% hydrochloric acid (HCl) and rinsed with fresh water to remove calcareous epiphytes. Foliar epiphytes were gently scraped off using laboratory forceps. Each component was then dried at 608C and final biomass (g dry weight (DW) m
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) calculated. Images were taken of three representative shoots per each species from each core for estimation of leaf area using Image J (Rasband 199722014). Leaf area index (LAI; m 2 leaf material m 22 surface) was calculated for each species per sample. LAI of each sample was defined as the sum of LAI of all species present. Metrics for representing seagrass structural complexity were LAI and seagrass biomass. Variations at species level were outside of the scope of this study and species composition was considered to be encompassed in the complexity of the seagrass canopy (LAI, biomass).
Estimation of carbon content
Shallow sediment cores (varying volumes extracted using a 60 mL plastic syringe with the tip removed, 9 cm depth 3 3 cm diameter) were collected at each site, for a total of 98 cores in the Canopy Complexity region and six cores within each of 11 locations in the Turbidity Gradient. Sediment carbon content was estimated following carbon stock assessment protocols (Fourqurean et al. 2012; Kauffman and Donato 2012; Howard et al. 2014) . The volume of each sediment core was noted and samples kept on ice in the field. Sediment cores were dried at 608C and then weighed for determination of Dry Bulk Density (g sediment cm
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; Kauffman and Donato 2012; Howard et al. 2014) . Clods found in dry samples were gently separated, and organic and inorganic matter was ground using a mortar and pestle. Sediment samples were then homogenized and passed through a 2 mm diameter sieve. Content of organic carbon of each sediment sample was estimated by loss on ignition (LOI), combusting at 5508C for a period of 4 h (Heiri et al. 2001) . Inorganic carbon was then removed from the samples by combustion at 9508C for a period of 2 h (Heiri et al. 2001) prior to grain size determination. A small amount of sediment from each sample, with organic matter and inorganic carbon removed, was then placed in circulating water with continued sonication for grain size distribution measurement by laser-diffraction (Mastersizer 2000, Malvern Instruments, Malvern United Kingdom). Grain size was analyzed for all samples within the Turbidity Gradient and for a subset of 25 sediment samples from the Canopy Complexity region given the low level of variation observed in the results. Mud content was defined as the percentage of volume of fine sediments (< 63.25 lm) present in each sample.
Carbon sources
Stable isotope mixing models (siar package; Parnell and Jackson 2011) were used to identify the relative contribution of organic carbon sources in sediments within the Turbidity Gradient. The isotopic composition was obtained for three non-combusted sediment samples from each Turbidity Gradient location. Sediment samples for d 13 C determination were acidified with 10% HCl to remove inorganic carbon. The sediment samples were then dried at 608C and homogenised using a mortar and pestle. Non acidified sediments were used for d 15 N determination. Stable isotope analysis was carried out with an elemental analyzer at the UC Davis Stable Isotope Facility. Isotopic ratios are relative to international standards V-PDB (Vienna PeeDee Belemnite) for carbon and Air for nitrogen (see http://stableisotopefacility.ucdavis.edu/). The nonoverlapping isotopic values used as potential sources in the mixing models were from: (1) seagrass biomass collected for seagrass structural complexity quantification; and of (2) mangroves and (3) marine macroalgae from published and unpublished data. Terrestrial plants and mangroves are C3 plants (Ball 1986 ). As such, mangrove d 13 C isotopic ratios overlap with the isotopic ratios of terrestrial plants (Rodelli et al. 1984; Lamb et al. 2006 ) and can be used to identify terrestrial sources. Three potential carbon sources were used given that two isotopes were measured (Fry 2007) . Seagrass source data corresponded to average d 15 N and d 13 C ratios of Z. muelleri and H. ovalis biomass sampled in this study, and corresponded with known isotopic ratios for seagrasses (Hemminga and Mateo 1996; Bouillon et al. 2008) . Three samples of seagrass leaves and rhizomes of each species were analyzed from each of four sites in the Turbidity Gradient at decreasing water qualities: Myora, North Deception Bay, Wellington, and Port of Brisbane. Rhizome and leaf samples were not acidified, except for H. ovalis leaves which were scarce. One H. ovalis sample from North Deception Bay and three from Wellington were leaf material from biomass analysis, which had been acidified (10% HCl) to remove calcareous epiphytes.
The isotopic ratios of mangrove and macroalgae used as potential carbon sources in this study fell within their known ranges (Rodelli et al. 1984; Bouillon et al. 2008 
Water quality Water quality parameters for Turbidity Gradient sites were obtained from the Healthy Waterways Ecosystem Health Monitoring Program (EHMP) estuarine/marine data sets (EHMP 2014) . The EHMP monitoring station closest to each sampling location was selected, 0.4-4.5 km distance, and data from June and July 2012 was averaged for each station. Water quality data for each location included: Secchi depth
and total phosphorus (mg L
21
). Based on overall environmental characteristics at the Canopy Complexity area (personal observation and unpublished data) and because data were only available for one EHMP water quality monitoring site in the Eastern Banks, water quality parameters for the Canopy Complexity data set were not included in statistical models.
Wave height
Significant wave height (average of largest 1/3 of wave heights) at each sampling location was estimated based on a wave height model developed for Moreton Bay Callaghan et al. 2015a,b) . The model converts wind data and bathymetry into wave parameters (including significant wave height H S ), which for this study was reported as the upper 90th percentile values observed over a 10 yr period Callaghan et al. 2015b ).
Data analysis
The relative contribution of internal and external carbon derived from the stable isotope mixing models was correlated with LAI, Secchi depth, and wave height to examine the influence of these variables in determining the source of the carbon. Percentage of fine sediment fractions (mud) in the Turbidity Gradient dataset was arcsine transformed prior to analyses.
The effect of each individual environmental variable on carbon content of sediments was assessed using linear models. Hypothesized environmental drivers were used as explanatory variables in separate models. It was not possible to develop models with multiple explanatory variables given high correlation among variables. Since there were multiple samples from each location in the Turbidity Gradient dataset it was analyzed using mixed effects linear models with maximum likelihood. Explanatory variables were treated as fixed effects and location as the random effect. This approach accounted for nonindependence of data within the samples collected at each location. To test the hypothesis that there is higher carbon with intermediate structural complexity and turbidity the quadratic relationship was tested for carbon with turbidity (Secchi) and seagrass structural complexity (LAI), and between these last two variables. The contribution of each variable relative to the rest was identified by General Boosted Regression Models. Two regression models were developed separately, one for the Canopy Complexity dataset and another for the Turbidity Gradient. The key factors influencing variation in sediment carbon were identified as those with high relative contribution in the regression models in conjunction with the results of the observed vs. the hypothesized pattern analysis. All analyses were carried out in R (R Development Core Team 2012). Normality and homoscedasticity of model residuals were determined by visual estimation.
Results
Our findings on organic carbon content, sediment grain size, seagrass structural complexity, water quality, and wave height in the Canopy Complexity and Turbidity Gradient regions are summarized in Table 1 and key results discussed below.
Influence of seagrass structural complexity on sediment organic carbon content Organic carbon content of seagrass sediments varied spatially in Moreton Bay. Carbon content was lower at Canopy Complexity than at the Turbidity Gradient (Table 1) .
Six of the seven seagrass species present in Moreton Bay were found at the Canopy Complexity region, in varying species assemblages, only H. decipiens was not encountered. The Turbidity Gradient was dominated by Z. muelleri with minimal H. ovalis. It was expected that seagrass structural complexity would decrease linearly as turbidity increased, i.e., as Secchi depth decreased (Table 2 ), yet no clear relationship was found between these two variables in the Turbidity Gradient (Table 3 ). This absence of relationship was also found between structural complexity and water column nutrient concentration in the Turbidity Gradient (Table 3) . When unvegetated sites were removed from the Turbidity Gradient analyses then canopy structure did increase at higher phosphorus concentrations (x 2 5 5.0, df 5 1, p 5 0.02) and above ground biomass had a tendency to be higher with more phosphorus (x 2 5 3.4, df 5 1, p 5 0.07). In the analysis with unvegetated sites excluded, seagrass structural complexity also showed a nonlinear relationship with turbidity, in which seagrass structural complexity was higher at intermediate turbidity (x 2 5 15.13, df 5 1, p < 0.001). Within the Canopy Complexity region there was clear evidence to support the hypothesis that higher seagrass structural complexity increases the amount of carbon stored in seagrass sediments (Table 2) . Within the Canopy Complexity region, carbon content increased with increasing above ground biomass, below ground biomass, and LAI (Table 3 ; Fig. 2 ). No quadratic relationship was found between seagrass structural complexity and carbon ( Table 3 ), meaning that carbon content was not higher at mid ranges of seagrass structural complexity. These findings support the hypothesis that internal carbon in seagrass sediments increases as seagrass structural complexity increases (Table 2) . Thus, the hypothesis that carbon is higher at mid ranges of seagrass structural complexity (Table 2) was not supported. The pattern identified of higher carbon content with higher structural complexity, however, was not maintained along the Turbidity Gradient ( Fig. 2b ; Table 3 ), even after unvegetated sites were excluded from the analysis (x 2 5 0.0, df 5 1, p 5 0.96).
Influence of turbidity on sediment organic carbon content Carbon content was higher in areas of high turbidity ( Fig.  2; Table 3 ), supporting the hypothesis that external carbon increases with turbidity (Table 2) . Despite having lower seagrass structural complexity overall, carbon content was higher within the Turbidity Gradient than at Canopy Complexity sites ( Fig. 2; Table 1 ). Higher carbon content at the Turbidity Gradient, even in areas of lower structural complexity or even seagrass absence, contradicts the hypothesis that as seagrass structural complexity increases internal carbon increases irrespective of turbidity (Table 2) . Overall, carbon content was higher at sites with higher turbidity irrespective of seagrass presence/absence or structural complexity (Tables  2, 3 ). Carbon content was higher at sites with lower turbidity even when unvegetated sites were excluded from the Turbidity Gradient analysis (x 2 5 5.8, df 5 1, p 5 0.02). While carbon content increased with turbidity it was not higher at intermediate levels of turbidity, i.e., quadratic relationship (Tables 2, 3 ). These results support the hypothesis that carbon increases when allochthonous carbon input increases, irrespective of seagrass structural complexity ( Table 2) .
Influence of wave height on sediment organic carbon content Carbon content was higher at sites with lower wave heights, both in the Canopy Complexity region and along the Turbidity Gradient ( Fig. 3; Table 3 ). This relationship was independent of seagrass presence/absence or structural complexity. Carbon content was also found to be higher at sites with lower wave heights when unvegetated sites were excluded from the analysis (x 2 5 9.1, df 5 1, p 5 0.02). Patterns of carbon content over variation in wave height supported the hypotheses that organic carbon is enhanced at Waves Wave height (m) 0.5 6 0.1 (n592) 0.3 6 0.1 low wave energy and diminished at high wave energy ( Table 2) .
Influence of water depth on sediment organic carbon content Carbon content was higher at shallower sites in the Canopy Complexity region, over a depth range of 0.8 to 3.7 m at high tide ( Fig. 2; Table 3 ). This relationship was independent of seagrass presence/absence or structural complexity (Table  3 ). There were higher wave heights at deeper sites (Table 3) . This supports the hypothesis of higher erosion and/or nonretention of carbon at high wave heights (Table 2) .
Relationship between mud and organic carbon content in seagrass sediments
Increasing seagrass structural complexity is meant to promote the deposition of fine sediment suspended in the water column (mud), yet there was no relationship between seagrass structural complexity and mud content (percentage volume of particles under 63.25 lm; Fig. 2 ; Table 3 ); even when carrying out the analysis excluding unvegetated sites (x 2 5 0.3, df 5 1, p 5 0.6). Mud content in the sediments increased as turbidity increased and at sites with lower wave heights (Table 3) . When unvegetated sites were removed from the analysis the clear relationships between mud and turbidity and wave heights became marginally significant (x 2 5 3.6, df 5 1, p 5 0.06; and x 2 5 3.4, df 5 1, p 5 0.07, respectively). Despite both turbidity and wave height having a clear effect on carbon content in seagrass sediments there was only a slight tendency for carbon content to be higher with higher fine sediment fractions (mud) in seagrass sediments (p 5 0.10, Table 3 ). Furthermore, when unvegetated sites were removed from the analysis there was no relationship between mud and carbon content (x 2 5 0.2, df 5 1,
Relative contribution of factors on sediment organic carbon content The relative contribution of environmental variables on carbon content in seagrass sediments differed between the Canopy Complexity region and the Turbidity Gradient. Percentage contributions reported here were identified using separate General Boosted Regression Models, one for the Canopy Complexity region and another for the Turbidity Gradient. Where water quality was high, the relative contribution of wave height (55.5%) and seagrass structural complexity (44.5%) was similar. In contrast, within the Turbidity Gradient region, turbidity was the clear dominant variable (63.9%), while wave height contributed much less (24.7%), and seagrass structural complexity the least (11.4%).
Carbon and nitrogen isotopic ratios
Carbon isotopic ratios (d 13 C) indicated greater terrestrial influence on the western side of the bay, particularly at sites without seagrass. Seagrass locations of low turbidity on the east (Fig. 3) had d 13 C ratios that indicated a mix of seagrass and mangrove carbon sources (220.5 to 217.0&). Seagrass locations on the western side of the bay (Fig. 3 ) also indicated a mix of seagrass and mangrove d 13 C ratios, although extending slightly more toward mangrove sources (222.6 to 216.9&). Locations without seagrass (Fig. 3) had d 3). Seagrasses in turbid areas in the western side of the bay had higher d 15 N ratios (Fig. 3) . Furthermore, locations on the western side of the bay without seagrass presence (Fig. 3) had the highest d 15 N ratios of all locations. Spatial patterns in d
15
N ratios of seagrass sediments matched the patterns expected, with higher contributions from terrestrial sources in areas of high turbidity.
Relative contribution of carbon sources to sediment organic carbon
Overall, carbon sources at Turbidity Gradient locations where seagrass was present were estimated to have approximately equal contributions from internal and external sources. The mean relative contribution by macroalgae to carbon in the sediments was low at all locations ( 10%; Fig. 3 ). At seagrass locations the relative contribution of seagrass was similar to the contribution of mangroves (Fig. 3) , independent of turbidity over the sites. At locations without seagrass (Fig. 3 ) the relative contribution of seagrass was consistently low (31 6 1%) and the contribution of mangroves was high (68 6 2%). This high Table 3 . Results of statistical analyses carried out relating content of organic carbon (CC) in seagrass sediments, water quality, depth, wave height, turbidity, and seagrass structural complexity in seagrass meadows in Moreton Bay, Australia.
Variable
Canopy complexity (n598) Turbidity gradient (n566) 
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contribution by mangroves at sites without seagrass indicates that external carbon sources made a higher contribution to the carbon pool at locations of seagrass loss. The relative contribution of internal carbon sources was higher at higher seagrass structural complexity in the Turbidity Gradient (r 5 0.89, p < 0.001, n 5 11); while that of external carbon was lower (r 5 20.78, p < 0.01). This relationship was consistent with the hypothesis that internal carbon increases with higher structural complexity independent of turbidity ( Table 2 ). In contrast, no significant relationship was found between the contribution of internal or external carbon sources with turbidity (r 5 0.30, p 5 0.37 and r 5 20.36, p 5 0.27, respectively) or with wave height (r 5 0.06, p 5 0.85 and r 5 20.24, p 5 0.47, respectively).
Discussion
Quantifying and understanding the variability in the potential storage of organic carbon within seagrass sediments remains a priority among "Blue Carbon" research (Sifleet et al. 2011; Duarte et al. 2013; Lavery et al. 2013) . Here, biological and physical factors were found to interact to determine carbon content in seagrass sediments. The four key factors identified across the diverse environments of Moreton Bay were seagrass structural complexity (LAI, biomass, and shoot density), water turbidity, depth, and wave height. The hypothesized pattern of higher carbon content at midranges of seagrass structural complexity and turbidity -where autochthonous and allochthonous carbon sources might overlap -was not supported. Instead, carbon content was higher at higher structural complexity, higher turbidity, shallower sites, and lower wave heights.
Working across such a diverse gradient of environmental and biological parameters allowed us to partition variance in sediment carbon content as follows. Seagrass structural complexity was a key driver only under consistent, in this case high, water quality conditions in the Canopy Complexity region. Once turbidity increased in the system it became the main factor in determining carbon content in seagrass sediments. Wave height was a key factor in both high and varying water quality, where calmer conditions influence sediment deposition and resuspension leading to more carbon being stored in seagrass sediment. At the same time, wave height can in turn alter turbidity, and ultimately higher wave heights may in fact limit seagrass growth (Koch 2001) . Depth also explained carbon content in seagrass sediments, with lower carbon contents at deeper sites, yet deeper sites also had higher wave heights, which might partly explain the decrease in carbon at deeper sites. Variability in the relative contribution of these environmental and biological conditions and their interactions-and potentially other factors yet to be investigated-led to spatial variability in carbon content in the seagrass meadows studied.
Carbon contents at the Turbidity Gradient locations were similar to those reported for other seagrass sediments in Australia (5.26 6 5.46 mg OC cm 23 and 0.64 6 0.68% OC; Lavery et al. 2013) , although relatively low compared to global averages (global mean is 2.5% OC; Fourqurean et al. 2012) . These values were much lower within the Canopy Table 3 ).
Complexity region, which can be explained by lower turbidity due to limited terrigenous influence, as supported by d 13 C ratios which are similar to seagrass and low d 15 N ratios which indicate a low level of nutrient loading at these sites.
The effect of seagrass structural complexity and turbidity on organic carbon content As was hypothesized, carbon content was higher in more structurally complex seagrass meadows, although this only occurred in the Canopy Complexity region which has high water quality. Seagrass structural complexity is an important factor in attenuation of flow and subsequent deposition and limited resuspension of particulate organic carbon from the water column (Koch et al. 2006; Hendriks et al. 2008) . The input of external carbon from the water column via higher seagrass structural complexity adds to the overall carbon accumulation in the system (Kennedy et al. 2010; Duarte et al. 2013) . For our study, species composition was considered a subcomponent of LAI, yet carbon content has been recently linked to specific composition of species (Lavery et al. 2013; Rozaimi et al. 2013) . Seagrasses of lower structural complexity had low carbon content, i.e., meadows mainly dominated by small pioneer species in areas of high dugong abundance in the Eastern Banks (mainly H. ovalis). This is consistent with previous findings of lower carbon in H. ovalis meadows when compared to Posidonia australis, which was linked to higher seagrass biomass of the latter (Rozaimi et al. 2013) . Carbon content for H. ovalis has previously been reported to be higher than more structurally complex species (8.64 6 2.86 mg OC cm
23
; Lavery et al. 2013) . However, a direct comparison cannot be made between that finding and ours as there was no associated information on seagrass structural complexity or environmental conditions. Lower seagrass structural complexity is less effective at decreasing water flow rates, and therefore promoting particle deposition and protecting sediments from erosion (Fonseca and Fisher 1986; Bos et al. 2007 ). Furthermore, dugong furrowing not only decreases seagrass above ground but also its below ground biomass (Lanyon et al. 1989; Aragones et al. 2006) . In this study, while carbon content clearly increased at higher structural complexities under consistently low turbidity conditions, this pattern was not maintained once turbidity increased.
It was hypothesized that as turbidity increased seagrass structural complexity would decrease due to decreased light availability. However, structural complexity actually increased at some locations that had intermediate turbidity on the western side of the bay. This nonlinear pattern of seagrass biomass suggests that seagrasses in Moreton Bay may be nutrient limited, as has been found previously (Dennison and Abal 1999; Eyre and Mckee 2002; Wulff et al. 2011) . Further analysis focused only on Turbidity Gradient sites where seagrass was currently present found a nonlinear relationship between seagrass structural complexity and turbidity, and increasing canopy complexity at higher concentrations of total phosphorus. If seagrasses are nutrient limited, then higher structural complexity may lead to an increase in carbon storage overall by increased seagrass biomass and indirectly by increased particle deposition and protection of sediment from erosion (Fonseca and Fisher 1986) . However, carbon content in seagrass sediments was not explained by mud content. Furthermore, nutrient overloading is one of the main stressors to seagrass meadows and can lead to the deterioration or loss of seagrass (Orth et al. 2006; Waycott et al. 2009 ); which may actually decrease carbon content in seagrass sediments (Christianen et al. 2012; Marb a et al. 2015) .
The effect of wave height on organic carbon in seagrass sediments Carbon content in seagrass sediments was higher in sheltered areas with lower wave heights, regardless of seagrass structural complexity or turbidity. Content of organic matter and silt-clay have been found to decline in seagrass sediments at increasing current speeds and wave exposure index (Fonseca and Bell 1998). Seagrass meadows will therefore accumulate more carbon in areas of low wave energy than in higher energy settings. Seagrass canopy structure also affects the level of protection from sediment erosion. Deeper sites had lower carbon content yet canopy structure showed no variation within the depth range studied (0.8-3.7 m). This coincides with previous findings of decreased carbon at greater depths in Posidonia meadows attributed to decreased light (Serrano et al. 2014) . In Moreton Bay, however, the depth range studied was small and light attenuation was not considered to be a factor given that there was no effect on seagrass canopy structure. Currently, it is thought that once seagrasses are lost or removed, the carbon stored in their sediments is vulnerable to export and remineralization (Bos et al. 2007; Sifleet et al. 2011; Pendleton et al. 2012) . The results on the relative importance of biological and environmental factors found in this study indicate that the vulnerability of sediment organic carbon content is most strongly influenced by wave energy and turbidity at the site. Carbon may therefore be lost by erosion (Marb a et al. 2015) or may actually increase through deposition; yet these dynamics in carbon storage after seagrass loss need to be tested directly in future studies.
Sources of organic carbon in seagrass sediments
Overall, organic carbon at locations with seagrass was derived equally from internal and external sources, while carbon at locations without seagrass was more from external sources. The internal: external carbon ratio in this study of 50 : 50 at seagrass locations falls within the previouslyreported ranges, showing similar input of internal and external carbon (Gacia et al. 2002; Kennedy et al. 2010 ). Contrary to expectations, there was no clear pattern of variation in the proportion of carbon sources with turbidity. This might be due to the limited number of locations analyzed or to a possible confounding factor, other variables or a cumulative effect of environmental variables at each site. However, the relative contribution of internal carbon increased as seagrass structural complexity was higher. This increase in internal carbon may explain why there is a consistent 50 : 50 carbon source proportion, given that as turbidity increased so did nutrient availability which would support higher seagrass structural complexity and associated productivity. In contrast, at locations without seagrasses the proportion of non-seagrass carbon clearly increased (30 : 70). The change to this ratio at locations of seagrass loss clearly indicated a shift to a much higher proportion of external input or potential evidence of loss of internal carbon following seagrass loss. External carbon can constitute 50-72% of seagrass sediment carbon pools (Gacia et al. 2002; Kennedy et al. 2010) ; while seagrass organic carbon is also exported from seagrass systems by loss of detritus when it is not buried or consumed within the system . The fate of exported seagrass carbon remains uncertain, yet it is clear that seagrass carbon can be stored in adjacent coastal habitats (Hemminga et al. 1994) . The presence of seagrass carbon at unvegetated sites may therefore be linked to these dynamics of seagrass carbon transport outside of the seagrass ecosystem. As was expected, isotopic signals showed higher nutrient loading from terrestrial sources (d 15 N) at more turbid locations (Costanzo et al. 2001) . The findings in this study provide further evidence to indicate that carbon in seagrass sediments is both from internal and external sources, and that once seagrasses are lost the capacity of the system to retain seagrass carbon in the sediments may be compromised.
The multitude of ecosystem services that seagrass meadows provide can lead to conservation trade-offs. Meadows in clear water might have lower carbon content, yet they may also host higher diversity of species or serve as food for mega herbivores. In the future, up to 11% of Moreton Bay seagrasses may be lost due to sea level rise, mostly from the more turbid western side of the bay . However, this loss could be offset by improving water quality conditions ) and conserving the current carbon stocks in the present meadows on the western side of the bay. It could also lead to the return of seagrasses where they have been previously lost. A total of 346 km 2 of the bay (1500 km 2 ) is considered to be potential seagrass habitat , double the current seagrass area of 179 km 2 (Roelfsema et al. 2013) . However, improving water quality may also lead to lower rates of carbon storage in these seagrass systems due to potentially lower structural complexity from decreased nutrients and lower input of external carbon. The insights found for Moreton Bay, which is a subtropical bay composed of relatively small seagrass species (Dennison and Abal 1999) , may or may not apply to other seagrass species and regions, and further studies investigating the key factors influencing organic carbon content in seagrass sediments are needed. Environmental factors influencing carbon storage in seagrass sediments should be considered as part of seagrass conservation and management initiatives, yet always within a framework of the multitude of ecosystem services that seagrasses provide.
